Abstract: In a previous paper on large "pillow" fullerenes, various systems were described with 12 pentagons connecting 2 parallel hexagonal arrays of benzenoid rings (graphene fragments functioning as the faces of the "pillow") on top of each other. Additional bonds between these identical arrays formed only from sp 2 -hybridized carbon atoms gave rise to hexagons and 12 pentagons along the "seam" or "rim." High steric strain was associated with curvature around the pentagons due to connections between the 2 pillow faces involving bonds between 2 sp 2 -hybridized carbon atoms. The present paper examines similar "quasi-graphitic" structures in which some carbon atoms of the rim between the two raphene faces have hydrogen atoms attached to them, i.e., have sp 3 -hybridization, alleviating thereby some strain.
INTRODUCTION
In a previous paper (1) published in this journal we presented calculations on the possibility of connecting the margins of two large graphene sheets resulting in flat cages of elemental carbon. The idea was to explore the possibility of a type of graphite without dangling bonds or heteroatoms at the margins of the graphene sheets. The two parallel graphene sheets then give rise to a "pillowcase fullerene" with 12 pentagons and a large number of hexagons (so that we called such a structure a "pillow-fullerene" or "pillowene" for brevity). These structures resemble in shape, in the ideal case, a healthy red-blood cell (erythrocyte). This structure should develop intramolecular attractive interactions between the central portions of the 2 graphene sheets that in graphite are at a distance of about 330 pm (but with larger distances at the "seams" of our pillow fullerenes because of the strain caused by bonds involving pairs of sp 2 -hybridized carbon atoms). An additional factor to be considered for the central portions is the manner in which the carbon atoms of the 2 quasiplanar graphene sheets are placed on top of each other: more favorable (attractive) interactions occur when carbon atoms of one sheet are placed over center regions of hexagons of the other sheet, as in (multilayer) graphite. Even if this ideal geometry cannot be attained, pillow fullerenes with a biconvex lens-shaped geometry would have smaller voids within the carbon cages, and better packing in the condensed state.
Bonds in fullerene carbon cages give rise to strain when bond angles differ from 1208 as in 5-membered rings, or when other factors cause the 3 sp 2 -bonds of a carbon atom to become pyramidalized, as happens at the "seams" (rims) of the pillow-fullerenes.
In the present paper we present results of an investigation of what happens when one seeks to alleviate the strain at the "seams" of such "pillow" carbon cages if some carbon atoms at the margins of the graphene sheets also have hydrogen atoms. Placement of the hydrogen atoms on more pyramidalized carbon atoms then promotes sp 3 -hybridization at these sites, which appear as trigonal corners on a polyhedron, with 1 bond external (to a hydrogen atom), and thereby lead to a plausible associated reduction in (angle) strain. If the sp 3 -hybridized carbon atoms adopt their ideal angles of %109.58, then each atom gives a net Cartesian angle defect s % 3608 2 3 Â 109.58 ¼ þ31.58, which further is the net Gaussian curvature at the corner. Therefore approximately 23 of these atoms would accommodate all the Gaussian curvature of 7208 (¼4p radians) required of closed surfaces homeomorphic to a sphere. But especially with anisotropic curvature (as with large pillow fullerenes), somewhat smaller numbers of sp 3 -hybridized carbon atoms may be appropriate, essentially because the rings around the girth are not planar. To understand this point, let us consider a hexagonal ring with a bending only in the direction orthogonal to the dashed line in Figure 1a , i.e., the crease of folding is along the direction of this dashed line. Then the hexagon may be imagined to be broken up into 2 triangles and a square as in Figure 1b , with each of these smaller polygons more nearly planar. Though there are no bonds along the dotted lines in Figure 1b , the Gauss theorem (for the net Gaussian curvature) relates more neatly to the associated surface composed from planar polygons. Each sum s of the resultant 4 angles at each of the 4 atoms incident to the dashed lines should be larger than the sums of the three bond angles, so that the actual Gaussian curvature associated to each vertex is greater than what we identify from the use of bond angles, and as a consequence a lesser number of sp 3 -hybridized carbon atoms may be favorably so accommodated.
In the present context, an obvious way to achieve this alleviation of steric strain would be to have partial hydrogenation along the rim of the pillow fullerene. The present paper explores systematically these possibilities, examining the same systems formed by two hexagonal graphene arrays connected along the rim by 12 pentagons, but having in addition some sp 3 -hybridization of carbon atoms at the rim between the 2 graphene faces. The resulting structure would no longer be a proper fullerene, but a partly hydrogenated pillow fullerene, and again, with increasing size of the graphene fragments, the relative amount of hydrogen becomes negligibly small. Indeed natural graphite certainly ordinarily contains non-carbon atoms at the boundary to accommodate what would otherwise be dangling bonds. In particular, it is recognized that for impure coals and graphitic carbons, there is always a measurable quantity of hydrogen (2, 3) . Indeed, with the hydrogen atoms confined to the region of the rim between the 2 joined graphene sheets, the present valence-saturated structures are more nearly elemental carbon than natural graphite, the more so as the dimension of the pillow-fullerene increases. Another candidate for more purely graphitic structures is obtained by the realization of the theoreticians' "cyclic boundary conditions," whence edges, rims, non-hexagonal rings, and dangling bonds all may be eliminated to yield what have been termed "elemental benzenoids," or "bucky-tori" or "crop circles," but these are not further considered here.
The discovery of fullerenes, honored by the award of the Nobel Prize for Chemistry (4 -6), was soon followed by the formulation of the "isolated pentagon rule" (7, 8) stating that all stable fullerenes starting with C 60 and C 70 have no contiguous pentagons. Experimentally it was discovered that occasionally the dangling bonds at the rim of graphene sheets are avoided by bending and pleating these sheets (9, 10) . Scott and coworkers (11) recently succeeded in synthesizing buckminsterfullerene C 60 by assembling together in a rational synthesis the 20 benzenoid rings and 12 pentagons in a hydrogenated compound C 60 H 30 , and dehydrogenating it. The literature on hydrogenated fullerenes has recently been reviewed (12) . It was shown by Fowler and coworkers (13) that the most stable hydrogenated C 24 fullerene has 12 hydrogen atoms along an equatorial circumference. The idea of relieving the curvature strain of tetrahedral-symmetry fullerenes by adding a hydrogen atom at each corner was published in reference (14) . The general interrelation between geometric curvatures and stresses is reviewed in reference (15) .
PILLOW FULLERENES HYDROGENATED AT THE INTER-SHEET "SEAM" OR "RIM"
As in the preceding paper (1), we simplify our molecular mechanics optimizations by starting from 2 hexagonal "super-coronenic" graphene sheets. There are 2 possibilities of defining such a hexagonal graphene sheet: its edges can be either (i) zigzag lines as in long acene benzenoids having a linear dualist graph, or (ii) "armchair" edges as in long fibonacenes with a zigzag dualist graph (16) . The six "corners" of the graphene sheet in the former case are represented by a single benzenoid ring (a in Figure 2 ) and in the latter case either by a single benzenoid ring or by a naphthalenic pair of rings ( Figure 2b and 2c respectively). In the present paper we will not consider armchair systems. With the former type (i) of sheet edges, in the simplest case, we replace the pairs of sp 2 -hybridized carbon atoms at the "corners" of the hexagonal cuts by pairs of sp 3 -hybridized carbon atoms, so that when the inter-sheet bonds are formed, there will be 12 such bonds for each sheet emerging from 12 sp 3 -hybridized carbon atoms. The facing sheet may be rotated with various angles relative to the facing parallel graphene sheet so as to avoid forming any 4-membered rings, and we will analyze the resulting possibilities of the resulting partly hydrogenated "pillow" carbon cages C n H 24 . If 6 4-membered rings were allowed instead of 12 5-membered rings, the central portions of the graphene sheets would have carbon atoms exactly superimposed (in axial projection) on each other, leading to unfavorable interactions between the sheets (discussed later).
A peri-condensed polyhex or benzenoid hydrocarbon with a hexagonal symmetry (super-coronoid) having k hexagons on each external edge of the graphene hexagonal cut has a total of n ¼ 6k 2 carbon atoms and 3k(k 2 1) þ 1 benzenoid rings. There are 6k dangling bonds around the edge of this hexagonal cut and these will have to become inter-plane bonds, forming 6k additional rings along the seam. In pillow fullerenes all these bonds along the seam are sp 2 -sp 2 bonds causing considerable strain. Although we are motivated by the possibility of large quasi-graphitic systems, calculations can be conveniently made only for the smaller systems with k 6, but they will allow us to extrapolate the results to the large systems. All such systems have exactly 12 pentagons along the intersheet "seam."
Similarly to previous notation, the 6k dangling sigma bonds around the circumcoronene will be numbered cyclically starting from the dangling bond that is closest to a "corner" of one edge. Dangling bonds of 2 circumcoronenes lying parallel on top of each other will annihilate each other such that bond i at the edge of one array becomes connected to dangling bond i þ p at the edge of the other circumcoronene, and the process continues cyclically for i ranging from 1 to 6k. In other words, the two identical parallel arrays are rotated (or off-set) with respect to each other by the fraction p/6k of a full rotation. If p ¼ 0, then the rotation is nil, so that the resulting faces at the rim connecting the two circumcoronenes would consist of six squares and 6(k 2 1) hexagons. We have seen that this situation introduces angle strain, and does not lead to favorable inter-sheet interactions, with carbons in the two sheets sitting directly over one another. For any p . 0 and p , k, the resulting new faces along the rim will be 12 pentagons and 6(k 2 2) hexagons. We shall concentrate on this last type of system, and examine the possible ways to alleviate the strain by adding hydrogen atoms to some carbons such that the resulting structure remains Kekuléan (in the sense that it accommodates a nearest neighbor-paired Kekulé structure). The smaller p values lead to pillowenes with more pronounced, sharper delineated "corners" of the hexagonal pillow.
When the corner benzenoid rings have their pair of carbon atoms to which a pair of hydrogen atoms is added, these carbon atoms would adopt sp 3 -hybridization, and some of the 6k inter-plane bonds in the pillow carbon cage formed in the subsequent "dehydrogenating dimerization" would become sp 2 -sp 3 or sp 3 -sp 3 inter-sheet bonds. In turn, this alleviates appreciably the bond strain and allows the graphene sheets to stay approximately parallel so as to make possible intramolecular van der Waals interactions between the two graphene sheets, leading to the erythrocyte shape of the partly hydrogenated carbon cage. By contrast, sp 2 -sp 2 inter-sheet bonds lead to high strain and, for smaller n values, to a pronounced convex shape as in a magnifying lens. All pillow fullerenes described in the present paper have a biconvex lens-shape.
For large k values the corresponding systems will have numerous sp 2 -sp 2 inter-sheet bonds (in addition to the 24 or less sp 2 -sp 3 or sp 3 -sp 3 inter-sheet bonds). However, for k carbons on the zigzag edge of a hexagonal graphene sheet, the edge strain will be proportional to k p n, while the number of nearby attractive van der Waals interactions will be n. Therefore with increasing n, the van der Waals attractive forces between the 2 faces of the pillow fullerene will overcome the bulging from strain at the rims and favor a collapsed erythrocyte-shape over a biconvex lens-shape, as will be discussed in more detail shortly.
Figures illustrating the present paper have been produced by minimizing energies with the semiempirical AM1 method as given in the Hyperchem program, and the results are indicated in Table 1 . The stereo-views are drawn with the help of the CambridgeSoft (CS) Chem3D Pro software (version 3.2) within the CS ChemOffice program. All the following rim-partly-hydrogenated carbon cages C n H 24 have 12 pentagonal rings and 24 sp 3 -hybridized carbon atoms, and therefore their total number of sp 3 -sp 3 and sp 3 -sp 2 "inter-plane" bonds cannot be higher than 24. The numbers of hexagonal rings, of sp 2 -hybridized carbon atoms and of the three kinds of "inter-plane" bonds are presented in Table 1 . Figure 4 , and stereoviews of the lens-shaped pillow fullerene are shown in Figure 5 (face and profile). It may be seen that the 24 CH groups (indicated by black dots in Figure 4 ) of the 12 cyclopentene rings isolate 2 sets of almost For better visualization, the inner set has thinner edges than the outer set. In addition, 6 thicker edges connect the outer set to a marginal CH group of the 6 (CH) 4 chains. As one may further observe from Figure 4 , the C2 2C single bonds of the 6 (CH) 4 chains separating the 2 pericondensed benzenoids are part of 1 and 2 ) for interconnecting the 2 parallel graphene cuts. The "isolated pentagon rule" for stable fullerenes (4, 5) is no longer relevant for the present cage systems in which the pentagons contain sp 3 -hybridized carbon atoms. One of these 2 possibilities yields a cage 3 with 24 sp 3 -sp 3 "inter-plane" bonds and no adjacent pentagons ( Figure 6 ). The rotation between the 2 parallel graphene sheets corresponds to p ¼ 2, and the shape of the "pillow" is almost round. The other possibility corresponding to a rotation with p ¼ 1 and yielding a more hexagonal-shaped "pillow," is a cage 4 with 6 sp 3 -sp 3 , 12 sp 2 -sp 3 and 6 sp 2 -sp 2 inter-sheet bonds, which does contain adjacent pentagons (Figure 7 ). 
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LFNN50687 LFNN_013_002 Techset Composition Ltd, Salisbury, U.K. 3/11/2005 From this case onwards with increasing k values, when there are to be just 24 hydrogen atoms, one cannot avoid the presence of sp 2 -sp 2 inter-sheet bonds, which will cause higher steric strain than the other two bond types. and 12 sp 2 -sp 3 inter-sheet bonds, but they are adjacent to each other; cage 8 has a less round shape, as the pentagons are non-adjacent but not equidistant (Figure 11 ). The third cage (9) with p ¼ 1 has 6 sp 3 -sp 3 , 12 sp 2 -sp 3 , and 18 sp 2 -sp 2 inter-sheet bonds, and has a hexagonal shape with the "corners" formed by pairs of adjacent pentagons ( Figure 12 ).
In Table 2 we present the results of quantum-chemical calculations (AM1) for all these pillow carbon cages partly-hydrogenated at the pentagons on the rim. The total energy is composed from the "isolated atomic energy" that is the same for isomeric systems, and the "binding energy" that differs among isomers. The sixth column of Table 2 contains heats of formation. The upper part of the Table 2 presents global values, and for making comparisons among cages with different numbers of carbon atoms the lower part of Table 2 presents normalized values per carbon atom. As expected, standard heats of formation per carbon atom are highest and the total and binding energies are lowest for the smaller cages partly-hydrogenated at the pentagons on the rim. An unexpected affect appears on comparing isomeric cages: for systems with k ¼ 4 or 5 the isomers with non-adjacent hydrogenated pentagons have higher heats of formation than systems with adjacent pentagons, whereas the opposite is true for the 3 systems with k ¼ 6. At k ¼ 6, the further away from each other are the partly hydrogenated pentagons at the rim, the more positive the heats of formation. Some further comment is warranted as concerns non-bonding interactions and their role in determining stability-favored off-sets and global shape of the cages. The non-bonding interactions between 2 carbon atoms in the 2 graphene layers can plausibly be imagined to entail 2 contributions: first, a directional multipolar interaction between the two carbons; and second, a non-directional dispersion interaction. For the first of these interactions, each sp 2 -hybridized carbon is naturally viewable as a small quadrupole with its axis oriented normal to the local molecular plane, whence with 2 carbons from different layers set directly over one another, a quadrupolequadrupole repulsion results. For two carbons from different layers not placed over one another the repulsion should diminish, and at sufficient angles for the interatomic axis from the normal, the interaction should Figure 12 . Stereoviews of the hydrogenated pillow fullerene 9, C 432 H 24 with k ¼ 6 and p ¼ 1. become attractive (though of a lesser strength because of the associated greater distance). For the dispersion interaction the result between 2 planes should always be attractive, and the more so the closer the 2 planes. Thence as a result of these 2 interactions one should imagine that: first, a favoring of larger off-set p (%k/2); and second, a tendency at least at suitable larger off-set to bring the 2 graphene sheets to a separation comparable to that in ordinary graphite. A further question concerns the influence of the stress at the edges of the inter-linked graphene sheets, this favoring less bending and hence more pillow-shaped structures. Thence a comparison of these 2 tendencies is appropriate, in which case we consider a pillow-fullerene with n carbon atoms. With a consequent number of edge atoms p n, there evidently is a curvature strain energy p n, whereas the net non-bonding energy interaction should be n. The proportionality for the curvature stress should be larger than for the nonbonding attraction, and the signs are such as to favor opposite influences in so far as the separation between layers goes. Thus at small n one may expect a sizable separation between the 2 graphene layers, at larger n (i.e., at larger k) one may expect that the 2 layers close down to a separation comparable to that of graphite. In conclusion, we expect that for sufficiently large k, the healthy (near flat) erythrocyte shape is favored, especially the more so for the higher off-set (higher p value), which should be favored over the corresponding lower off-set structures.
Finally these expectations may be compared with our current quantumchemical semiempirical results displayed in Table 2 . In agreement with our expectations for smaller k, the favored geometries appear like a pronouncedly biconvex lens, which becomes slimmer as k increases from 3 to 6, but the flatness is not yet seen even at k ¼ 6, which is thus not sufficiently large. First, one may note that attractive dispersion interactions are a correlated-electron effect typically absent from SCF computations, in which class the AM1 computations fall (though AM1 is atypical from an ab initio view in being highly parameterized, sometimes against experimental data). Second, our qualitative expectations suggest that larger off-set p is favored, which is indeed observed for k ¼ 4 and 5, but reversed at k ¼ 6. The larger off-set-favoring quadrupole-quadrupole effect is probably adequately handled in SCF computations, so that the computed result at k ¼ 6 would only be rationalized through some sort of difference of curvature effects at the boundary. We still anticipate a favoring of larger off-set p at larger k.
On looking at the HOMO-LUMO gap in the upper part of Table 2 , one sees that this gap decreases (presumably ultimately to zero as in graphite (17) with increasing n (or k), approximately proportionally to 1 p n, but the gap is still high even for n ¼ 6. For the same n or k values (k ¼ 4 and k ¼ 5), the HOMO-LUMO gap is larger for larger off-set values p, but for k ¼ 6 again we find no clear monotonic variation with p.
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FURTHER PARTLY-HYDROGENATED PILLOWENES C n H 36 AND C n H 48
Less strained types of lens-shaped (or, ideally, erythrocyte-shaped) carbon cages may be possible with more hydrogen atoms at the "seams" between the 2-graphene sheets, thereby reducing or canceling the number of sp 2 -sp 2 inter-sheet bonds. With 36 hydrogen atoms symmetrically arranged around the periphery, one obtains quinonoid structures (Fig. 13) which, being less stable, are not discussed further (C 60 H 36 is not stable in air, but can be studied in the absence of oxygen (18)). However, with 48 hydrogen atoms it is possible to have partly hydrogenated "pillow-fullerenes" with aromatic pericondensed "faces" that are less strained than the systems with 24 hydrogen atoms that were discussed in the preceding section for several k values. One such case ( Figure 14) is that of the cage with k ¼ 5, C 300 H 48 , which is also not discussed here in detail. With even more hydrogen atoms added to 5-and 6-membered rings on the rim, it would be possible to avoid completely sp 2 -sp 2 inter-sheet bonds, but again such hydrogen-rich systems are not here discussed in more detail.
CONCERNING THE POSSIBILITY OF VERIFYING EXPERIMENTALLY THE THEORETICAL PREDICTIONS
The theoretical pillow fullerenes envisaged here should have reduced void spaces in the interior of the carbon cages, so as to have lentil-shaped Figure 13 . Stereoviews of the hydrogenated pillow fullerene C 432 H 36 .
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geometries. Therefore the packing in solid phase would be tighter. The ideally envisaged erythrocyte shapes with 2 parallel flat graphene sheets at a comparable distance as in graphite should eventually be attainable at rather large k values, though with further hydrogenation this theoretical "cross-over" k value should diminish. It would, however, be interesting to speculate that incipient hydrogenation of large fullerenes under extremely high pressure (possibly in a diamond anvil) could result in reducing preferentially some pentagons along the rim of pillow-shaped fullerenes. As it is well known, stable fullerenes obey the "isolated pentagon rule" so that the smallest such fullerene with all 12 pentagons arranged on an "equatorial belt" would have almost 200 carbon atoms. Therefore any such experiment would have to use a smaller fullerene and to aim at a slightly flattened carbon cage formed by hydrogenating only a few pentagons arranged on an "equatorial belt." The reaction would have to be tried in concentrated solution using a good solvent (for instance a methyl-or a chloro-naphthalene) and a compound that generates diimine thermally or photochemically, or hydrogen plus a homogeneous Wilkinsontype hydrogenation catalyst.
In the literature there are many examples of hydrogenated or halogenated fullerenes formed by preferential addition to double bonds shared by a pentagon and a hexagon, rather than the bonds shared by 2 hexagons; equatorial belts of sp 3 -hybridized carbon atoms are often observed, or computed to be the most stable. As a result, the addition product is a "squashed fullerene" rather than a "pillow fullerene" because it is derived from fullerenes that do not have 2 graphene sheets connected by pentagons distributed on an equatorial belt (19 -34) .
CONCLUSIONS
On adding 24 hydrogen atoms to double bonds of the 12 pentagons arranged on an equatorial belt of the pillow fullerenes described in an earlier paper (1), the steric strain is diminished. The sphericity is reduced, but at the sizes presently considered, the shape of the resultant pillow fullerene partly hydrogenated at the inter-sheet "seam" remains similar to a biconvex lens, at least at the sizes (up to C 432 H 24 ) treated here. These structures, and especially larger presumably flattened erythrocyte-shaped partly hydrogenated pillowenes, provide a novel type of structure, more "graphitic" than ordinary natural graphites.
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